Background Secular trends in old-age mortality are of crucial importance to population ageing. For the understanding and prediction of these trends, it is important to determine whether birth cohort effects, i.e. long-lasting effects of exposures earlier in life, are important in determining mortality trends up to old age. This study aimed to identify and describe cohort patterns in trends in mortality among the elderly (Ͼ60 years of age) in seven European countries.
In order to identify the determinants of national trends in mortality, it is essential to distinguish between period and cohort patterns. Whereas period patterns indicate immediate effects of conditions occurring in late life, cohort patterns may reflect long-lasting effects of determinants located earlier in the life course, e.g. in infancy, childhood, or adulthood. This distinction is of crucial importance in making projections of future developments in mortality. If cohort effects prove to be important, cohort-wise projections may be used to explore the possible future mortality trends.
Interest in cohort effects dates back to the influential works by Kermack et al. in 1934 7 and by Case and MacMahon et al. in the 1950s. 8, 9 Since the 1980s, there has been a renewed interest in cohort effects. In epidemiology, this interest was stimulated by results from the new studies on the effects of living conditions in early life on health in later life. 10, 11 At the same time, a number of demographic studies reported on the debilitating effects of war and famine during early ages on mortality in adulthood. [12] [13] [14] Despite this revival of interest, it remains unknown whether cohort effects are important in determining the recent trends in mortality of national populations, partly because the identification of cohort effects is complicated by the generally linear nature of the mortality decrease in Europe since the turn of the century. 15 Moreover, it is as yet not known whether cohort effects also extend into old age.
Our hypothesis is that cohort effects are important factors in determining old-age mortality trends, and that these effects are especially visible in mortality from causes of death that are known to be related to smoking or to early life circumstances. In addition, we expect that the importance and patterns of cohort effects might differ between countries, due to, for example, differences in the development of the smoking epidemic among adults. 16 In this paper, we aimed to identify and describe cohort patterns in all-cause and cause-specific mortality trends among the elderly populations of seven European countries. Using data on old-age mortality trends during the second half of the twentieth century, we assessed for each country individually (i) whether cohort patterns are strong enough to determine trends in all-cause and cause-specific mortality, and (ii) the timing of these cohort patterns.
In our study, we included both all-cause mortality and causespecific mortality for seven European countries. Previous studies on cohort patterns in causes of death did not always compare the results for different causes of death or different countries. Furthermore, the comparison of the results between different studies is complicated by the application of different techniques to identify the importance of cohort effects. Our approach enabled us to observe not only commonalities but also dissimilarities in the importance and patterns of cohort effects.
Methods

Data
Data on total mortality, the underlying cause of death and population at risk, by year of death 6 In our analysis, we included data for those aged у60 years in order to address the question whether the influence of cohort effects extends into old age. The study was not restricted to the very old in order to include sufficient age groups to distinguish between period and cohort effects.
With regard to the causes of death, we selected infectious diseases (ICD-9 001-139), cancer of lung (ICD-9 162), cancer of stomach (ICD-9 151), cancer of prostate (ICD-9 185), cancer of breast (ICD-9 174-175), ischaemic heart disease (ICD-9 410-414), cerebrovascular diseases (ICD-9 430-434, 436-438), and chronic obstructive pulmonary diseases (ICD-9 490-494, 496). These are all causes of death occurring frequently among the elderly. Together they accounted for on average 46% of all deaths among those aged у60 years in the late 1990s (see Table 1 ).
To reconstruct mortality trends from these specific causes of death over the period from 1950 to 1999, we had to bridge five different revisions of the International Classification of Diseases (ICD-6 to ICD-10) for all countries except France for which coherent series of causes of death were already available. 17 For this purpose, we constructed a general concordance table based on three-digit codes of the ICD, and the four digit code 422.1 for ischaemic heart diseases under ICD-6/7 (see . 18 Remaining mortality discontinuities-caused by the use of three-digit instead of four-digit codes and by incidental changes in coding rules-were identified and adjusted for in our analysis. These discontinuities were identified by (i) visual analysis of cause-specific mortality trends, (ii) country-specific background information on these mortality discontinuities, and (iii) a regression-based method that quantified the size of the discontinuities (see . 18 Mortality discontinuities that were regarded as owing to changes in coding rules were controlled for in our regression method by means of cause-and sex-specific transition coefficients. These transition coefficients are the parameter estimates of variables associated with a coding change (e.g. ICD-8toICD-9) and were obtained through sex-specific age-period regression models applied to cause-specific mortality among those aged у60 years. 6, 18 Lung cancer and stomach cancer were not affected by coding changes. Infectious diseases showed a mortality discontinuity associated with the revision from ICD-6/7 to ICD-8 in five countries. For the remaining causes of death, adjustments had to be made in one or two countries, mainly for incidental coding changes, for example the generally applied coding change in England and Wales between 1984 and 1992 (see . 18 
Statistical analysis
For statistical analysis, we aggregated the data into 5-year age groups, 5-year periods and consequently 10-year overlapping cohort groups. To these data we applied log-linear age-period-cohort (APC) models through the GENMOD procedure of the SAS 8.0 package.
In APC analyses, it is impossible to identify the role of age, period, and cohort separately, owing to the interdependency between these variables. We dealt with this identification problem [19] [20] [21] by using the standard Clayton & Schifflers procedure in which mortality is decomposed in a common linear trend (drift), a non-linear period effect, and a non-linear cohort effect. 20, 21 See Box 1 for the different models that we fitted accordingly.
We measured the contribution of drift, the non-linear period effects, and the non-linear cohort effects in the mortality trends by assessing the reduction in scaled deviances (a measure of unexplained variance) when comparing the subsequent models (i) AD with A, (ii) AP with AD, and (iii) APC with AP, respectively. We expressed these reductions as percentages of the reduction in scaled deviance observed between the model with age only and the full APC model. These percentage reductions were used to measure the contribution of the different effects to systematic mortality trends, and to make comparisons of this contribution between countries and causes of death. The statistical significance of the difference in scaled deviances between the subsequent models was assessed by a log-likelihood ratio test, resulting in one-sided P-values.
In order to describe the timing of the identified non-linear cohort effects, we calculated cohort-specific mortality levels derived from the parameter estimates of the cohort variables out of the full age-period-cohort model. We thus controlled for age and period, and by choosing two baseline period groups (1950-54 and 1995-99) and only one baseline cohort group (1920-29), we included the drift parameter in the measurement of cohort differences in mortality. In our description of the cohort patterns we focused on the (cohort) deviations from linearity in the observed patterns. The cohortspecific mortality risks were calculated relative to the unweighted average of the mortality levels of all cohorts together. As not all birth cohorts have complete death counts for those aged у60 years (e.g. for those born in 1865 we have observations only for those aged у85 years, and those born in 1935 were aged 60-64 years at the end of our observation period) we were cautious when describing the mortality levels of the extreme cohorts.
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Box 1
Model parameters
Statistical notation
is the expected value of the natural log of the mortality rate, with the number of deaths being Poisson distributed. ␣, ␦, ␤, and ␥ are the age, drift, period, and cohort effect, respectively. The variables for age (a) and cohort (c) had one baseline class. For period (p) a second baseline class was chosen c = A-a+p. The variables were indexed a = 1, 2, …, 7, 8; p = 1, 2, …, 9, 10; and c = 1, …, 13. 
Results
In all-cause mortality, drift (the linear component of both period and cohort effects) contributed to a large extent to the systematic trends, especially among elderly women ( Figure 1 ). However, for men in Denmark, The Netherlands, and Norway, non-linear cohort effects and non-linear period effects contributed substantially to old-age mortality trends. For all selected causes of death, the contribution of the nonlinear cohort effect to the systematic trends was statistically significant in each country and for both sexes, except for mortality from stomach cancer among Norwegian women (Table 2) . Non-linear cohort effects contributed substantially to the mortality trends in the majority of countries for infectious diseases, lung cancer (men only), prostate cancer, cancer of breast, and chronic obstructive pulmonary diseases (COPD). For Finland and France, the non-linear cohort effects also contributed considerably to the mortality trends for ischaemic heart diseases (IHD).
Turning to the timing of the identified cohort effects (including drift), all-cause mortality generally declined among subsequent cohorts (Figure 2 ). For men, the decline stagnated among Danish, Dutch, and Norwegian birth cohorts born between 1890 and 1915, and among French generations born after 1920. For women, the decline in all-cause mortality accelerated among cohorts born after 1880, but stagnated among the cohorts from 1920 onwards. This stagnation was most pronounced in Denmark and did not occur in England and Wales or Finland.
The increase in mortality from lung cancer among men accelerated among cohorts born from 1880 onwards. This increase levelled off again among those born after 1895, except for Norway and France, and resulted in a decrease for The Netherlands, England and Wales, and Finland later on. For women, the increase in lung cancer mortality accelerated from 1915 onwards in The Netherlands, Denmark, Norway, and Sweden, while this mortality increase levelled off among women in the other countries.
For men in The Netherlands, Norway, Sweden, and Denmark, the cohort patterns for COPD resembled that for lung cancer, i.e. initial modest increases accelerated among the birth cohorts from 1880 onwards, and decelerated later on. The onset of mortality decline was later as compared with lung cancer. For men in England and Wales, France, and Finland, the increase in COPD mortality was initially strong, but reversed into mortality decline from birth cohorts 1895 onwards. For women, the cohort trends in COPD mortality were heterogeneous and erratic until birth cohort 1900. In cohorts from 1905 onwards, mortality generally increased, especially in Denmark.
For France, Finland, and Norway, IHD mortality increased for both men and women up to cohorts 1900-15, and declined thereafter. In Denmark, mortality increased until birth cohort 1880, but declined thereafter, especially among women. IHD mortality in Sweden, England and Wales, and The Netherlands declined among all birth cohorts, although this decline stagnated among male birth cohorts from 1890 onwards, especially among Dutch men.
For infectious diseases, stomach cancer, and cerebrovascular diseases, mortality generally declined after an initial increase among cohorts born in the nineteenth century (Figure 3 ). This initial mortality increase was most pronounced for infectious diseases, for which the increase persisted until cohorts born around 1890 (men) and 1885 (women Figure 1 The contribution of drift, non-linear period effects, and non-linear cohort effects to all-cause mortality trends, by sex and country. Drift = the reduction in scaled deviance by adding drift to the model including only age; Period (non-linear) = the reduction in scaled deviance by adding the non-linear period effect to the age-drift model; Cohort (non-linear) = the reduction in scaled deviance by adding the non-linear cohort effect to the age-period model. We measured the reduction in scaled deviance relative to the total reduction in scaled deviance of the full age-drift-period-cohort model compared with the model including only age. All effects are significant at the P = 0.05 level (one-tailed). DK = Denmark; E&W = England and Wales; FIN = Finland; F = France; NL = The Netherlands; NO = Norway; S = Sweden born before 1880 (men) and before 1885 (women). This initial increase was stronger for women. Mortality from prostate cancer and breast cancer generally increased among subsequent cohorts, with only small deviations from the linear trend. For prostate cancer, mortality increases were strongest among the earlier birth cohorts, especially in Sweden.
Discussion
Cohort patterns were identified in all countries, for both the sexes and virtually all causes of death. Non-linear trends in mortality among subsequent birth cohorts contributed substantially to the trends in all-cause mortality among Danish, Dutch, and Norwegian men, and especially to the trends in mortality from infectious diseases, lung cancer (men only), prostate cancer, breast cancer, and COPD in most countries. We found that the secular decline in all-cause mortality stagnated among Danish, Dutch and Norwegian male birth cohorts born between 1890 and 1915, among French men born after 1920, and among women from all countries born after 1920. Where the decline in all-cause mortality stagnated, cohort-specific trends in mortality from lung cancer, COPD, and IHD were generally unfavourable as well. For infectious diseases, stomach cancer, and cerebrovascular diseases, mortality increased among cohorts born before 1890, and decreased rapidly among later generations.
The substantial (non-linear) cohort effects that we found in all-cause mortality trends among elderly Danish, Dutch, and Norwegian men were not identified in the few previous studies on cohort effects in all-cause mortality trends among the elderly. 3, 22 Kannisto suggested that cohort patterns do not have important effects on trends in all-cause mortality among the elderly in developed countries. 3 However, his time series analyses did not include Denmark and The Netherlands, and his shorter observed period (1950-84) did not fully represent the birth cohorts that experienced a stagnation of mortality decline. 6, 23 Jacobsen et al. did not identify non-linear cohort effects in mortality trends among Danish men aged 40-84 years during 1960-99. 22 However, their analysis was restricted to birth cohorts born after 1895, and therefore missed the important non-linearities that would become visible when extending the observation to cohorts born before 1895. The non-linearities that we observed for women born from 1910 onwards were found in their study as well.
Previous cohort studies on mortality from specific causes of death observed the same general tendencies as were observed in our study. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] However, in some cases, the exact timing and form of the observed cohort trends differed, probably because of the use of different techniques, shorter study periods, or different age groups. By applying the same technique to an identical selection of eight different causes of death among men and women in seven European countries, we were able to observe not only commonalities but also dissimilarities between these different countries.
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Evaluation of data and methods
The mortality and population data used in this study stem from countries considered to have good or excellent population and vital registries, 2,3 and highly accurate reported survivorship counts. 3, 38 Total mortality and population data for those aged у80 years were obtained from the Kannisto-Thatcher Database in which the data were checked for age-heaping and were subjected to a number of checks for plausibility. 3 Particularly at older ages, the validity of the underlying cause of death may be questioned owing to the presence of more than one chronic disease contributing to death. 39, 40 Because changes over time in the quality of reporting underlying causes of death are likely to be gradual rather than abrupt, this may have resulted in only a modest overestimation of period effects. The non-linear cohort patterns in cause-specific mortality trends are likely to be unaffected.
We made considerable effort to control for the abrupt coding changes between and within revisions of the International Classification of Diseases (ICD), which otherwise could have biased the analyses of long-term trends in causes of death, and could overestimate period effects in APC analyses. We expect that any residual bias of coding problems is removed from our analyses by including period as a control variable in all our analyses of cohort patterns of mortality.
The identification problem inherent to APC analyses was dealt with by dividing mortality into a linear component (drift) and non-linear components. This enabled us to identify nonlinear cohort effects and to quantify their importance. A focus on non-linear cohort effects leads to underestimation of the importance of all cohort effects to an unknown degree, because linear cohort effects are, together with linear period effects, included in the drift term. There can be substantial linear cohort effects when there is a large effect of drift, i.e. when mortality trends are largely linear. When we observed small non-linear cohort effects, they occurred in general together with large drift effects. The only exception concerned trends in IHD in Danish, Dutch, and Norwegian men. Only in these cases, it is certain that mortality trends are not strongly determined by cohort effects (see Appendix 1). Our method thus yields a conservative but informative estimate of the contribution of cohort effects.
Explanation of observed cohort patterns
Where the decline in all-cause mortality stagnated among subsequent cohorts, cohort-specific trends in mortality from lung cancer, COPD, and to a lesser extent IHD, were generally unfavourable as well. This parallel development indicates that changed smoking behaviour among adults, as reflected by the cohort patterns in lung cancer mortality, 41 largely influenced the trends in COPD and IHD and also influenced the temporal stagnation of male all-cause mortality in The Netherlands, Denmark, and Norway among birth cohorts 1895-1920, and the stagnation of all-cause mortality decline for women born from 1920 onwards. Available data on smoking prevalence strengthen this conclusion. Dutch men born between 1897 and 1917 had a higher life-time exposure to smoking as compared with other generations of men. 42 Among Danish adult men in 1954, 86% were present or former smokers, with a higher percentage for those aged 35-54 years (cohorts 1900-19) as compared with older men (cohorts before 1900). 43 For Norwegian men, the proportion of ever smokers increased for the birth cohorts 1890-1914, after which it stayed at the same level up to cohort 1930-34 (83%). 44 Among men in the other countries, lung cancer also increased among the earlier birth cohorts, as observed in previous studies. 37 However, this increase seemed not strong enough in absolute terms to substantially influence the trends for all-cause mortality. For women, the large increase in lung cancer mortality for the cohorts born from 1920 onwards also parallels increasing smoking rates among subsequent generations. 44, 45 The low contribution of non-linear cohort effects to trends in lung cancer mortality among older women might be owing to the recent timing and the generalized nature (among all birth cohorts) of the spread of smoking among women.
The onset of the mortality decline in infectious diseases, cerebrovascular diseases, and stomach cancer for cohorts born at the end of the 19th century, which occurred in all countries, seems to indicate a contribution of the improvements in living conditions in early life. Earlier, a poor environment during infancy and childhood, and especially a high load of respiratory or gastrointestinal infections, has been proposed as a determinant of mortality from stomach cancer, tuberculosis, and cerebrovascular diseases at older ages. 46 Mortality from infectious diseases at older ages is related to the disease load experienced during the first year of life, especially exposure to airborne infectious diseases. 47 Infant mortality-often used as a proxy of living conditions in infancy 48 and of the disease load during the birth year 47 -was still high in the late 19th century in most European countries, and began to fall at the turn of the century. 49 The fact that infant mortality started to decline for about the same cohorts as adult mortality from the abovementioned causes of death suggests that improvements in living conditions have left an imprint on the mortality experience of cohorts up to old age. It is important to note, however, that this possible impact is visible only in mortality trends from some specific causes of death, while it is not reflected in all-cause mortality trends.
The strong non-linear cohort patterns in IHD mortality trends in France, Finland, and to a lesser extent Norway may reflect another cohort-specific determinant of old-age mortality trends. As these cohort patterns (strong increases among the birth cohorts born before 1900 or 1910, followed by substantial decreases afterwards) were observed for both men and women, changed smoking behaviour among adults could not be the determining factor in these countries, given the fact that men and women differed in their smoking history. 16 Late effects of circumstances in early life have been suggested in relation to IHD, 48, 50, 51 but the effects have been debated and seem to be less pronounced than for stroke and COPD. 46, 52 Moreover, during the late 19th and early 20th century, trends in infant mortality and Gross Domestic Product (an indicator of general socioeconomic development 53 ) were not markedly different in France, Finland, and Norway as compared with the other countries (data not shown). Another possibility is that the initial rise in IHD mortality risk in France, Finland, and Norway is related to national patterns of behavioural change that are similar for both men and women, such as diet, alcohol use, or physical inactivity. 54, 55 This hypothesis, which was generated by observing variations between countries in cohort patterns for IHD, needs further testing by in-depth analyses within specific countries using the data on trends in these possible determinants.
Implications
Cohort effects appear to be important in determining secular trends in all-cause and cause-specific mortality among the elderly in seven European countries. Our results indicate that factors occurring in adulthood (predominantly due to smoking) and in infancy or childhood (such as poor living conditions) have left an imprint on the mortality experience of birth cohorts up to old age. Therefore, in order to understand the recent trends in old-age mortality and to make projections of possible future developments, one should take into account the determinants that are located earlier in the life course of subsequent cohorts. 
